Aims. We aim to probe the internal structure and investigate more detailed information of the δ Scuti star HD 50844 with asteroseismology. Methods. We analyse the observed frequencies of the δ Scuti star HD 50844 obtained by Balona (2014) , and search for possible multiplets based on the rotational splitting law of g-mode. We tried to disentangle the frequency spectra of HD 50844 by means of the rotational splitting only. We then compare them with theoretical pulsation modes, which correspond to stellar evolutionary models with various sets of initial metallicity and stellar mass, to find the best-fitting model. Results. There are three multiplets including two complete triplets and one incomplete quintuplet, in which mode identifications for spherical harmonic degree l and azimuthal number m are unique. The corresponding rotational period of HD 50844 is found to be 2.44 +0.13 −0.08 days. The physical parameters of HD 50844 are well limited in a small region by three modes identified as nonradial ones ( f 11 , f 22 , and f 29 ) and by the fundamental radial mode ( f 4 ). Our results show that the three nonradial modes ( f 11 , f 22 , and f 29 ) are all mixed modes, which mainly represent the property of the helium core. The fundamental radial mode ( f 4 ) mainly represents the property of the stellar envelope. In order to fit these four pulsation modes, both the helium core and the stellar envelope must be matched to the actual structure of HD 50844. Finally, the mass of the helium core of HD 50844 is estimated to be 0.173 ± 0.004 M ⊙ for the first time. The physical parameters of HD 50844 are determined to be M = 1.81 ± 0.01 M ⊙ , Z = 0.008 ± 0.001. T eff = 7508 ± 125 K, logg = 3.658 ± 0.004, R = 3.300 ± 0.023 R ⊙ , L = 30.98 ± 2.39 L ⊙ .
Introduction
The δ Scuti stars are a class of pulsating stars falling in the HR diagram where the main sequence overlaps the lower extension of the Cepheid instability strip (Breger 2000; Aerts et al. 2010) . They are in the core hydrogen burning or shell hydrogen burning stage (Aerts et al. 2010) , with masses from 1.5 M ⊙ to 2.5 M ⊙ (Aerts et al. 2010 ) and pulsation periods from 0.5 to 6 hours (Breger 2000) . Their pulsations are driven by the κ mechanism (Baker & Kippenhahn 1962 , 1965 Zhevakin 1963; Li & Stix 1994) in the second partial ionization zone of helium. Some of δ Scuti stars show multi-period pulsations, such as 4 Cvn (Breger et al. 1999) , FG Vir (Breger et al. 2005) , and HD 50870 (Mantegazza et al. 2012) , and are therefore good candidates for asteroseismological studies.
HD 50844 was discovered to be a δ Scuti variable star by Poretti et al. (2005) during their preparatory work for the CoRoT mission. The basic physical parameters of HD 50844 were also obtained by Poretti et al. (2005) from Strömgren photometry. They are listed as follows: T eff = 7500 ± 200K, logg=3.6 ± 0.2, and [Fe/H] = −0.4 ± 0.2. High-resolution spectroscopic observations obtained with the FEROS instrument mounted on the 2.2-m ESO/MPI telescope at La Silla resulted in the value of υ sin i = 58 ± 2 km s −1 and the inclination angle i = 82 ± 4 deg (Poretti et al. 2009 ). with the largest amplitude as the fundamental radial mode by combining spectroscopic and photometric data. Meanwhile, very high-degree oscillation modes (up to l = 14) were identified by Poretti et al. (2009) with the software FAMIAS (Zima 2008) to fit the line profile variations (Mantegazza 2000) . Based on an independent analysis, Balona (2014) arrived a conclusion that a normal mode density might be existent for the CoRoT timeseries of HD 50844. He extracted a total of 59 significant oscillation modes from the CoRoT timeseries.
Asteroseismology is a powerful tool to investigate the internal structure of pulsating stars that show rich pulsation modes in observations, such as 44 Tau (Civelek et al. 2001; Kırbıyık et al. 2003; Garrido et al. 2007; Lenz et al. 2008 Lenz et al. , 2010 and α Oph (Zhao et al. 2009; Deupree et al. 2012) . Mode identifications are very important for asteroseismic studies of δ Scuti stars. Any eigenmode of stellar nonradial oscillations can be characterized by its radial order k, spherical harmonic degree l, and azimuthal number m (Christensen-Dalsgaard 2003) . For δ Scuti stars, there are usually only a few observed modes to be identified, such as FG Vir (Daszyńska-Daszkiewicz et al.2005; Zima et al. 2006) and 4 Cvn (Castanheira et al. 2008; Schmid et al. 2014) . Ob-A&A proofs: manuscript no. article served frequencies of a pulsating star could be compared with results of theoretical models only if their values (l, m) have been determined in advance.
For a rotating star, a non-radial oscillation mode will split into 2l + 1 different components. According to the asymptotic theory of stellar oscillations, the 2l + 1 components of one mode of (k, l) are separated by almost the same spacing for a slowly rotating star. In our work, we try to identify the observed frequencies obtained by Balona (2014) based on the rotational splitting law of g-mode. Then we compute a grid of theoretical models to examine whether the computed stellar models can provide a reasonable fit to the observed frequencies. In Section 2, we analyse the rotational splitting of the observational data. In Section 3, we describe our stellar models, including input physics in Section 3.1 and details of the grid of stellar models in Section 3.2. Our fitting results are analysed in Section 4. Finally, we summarize our results in Section 5.
Analysis of rotational splitting
As already pointed out by Poretti et al. (2005) , HD 50844 is in the post-main sequence evolution stage with a contracting helium core and an expanding envelope. The steep gradient of chemical abundance in the hydrogen burning shell will result in a large Brunt-Väisälä frequency N there. As a result, there are two propagation zones inside the star: one for g modes in the helium core and the other for p modes in the stellar envelope. As already pointed out by Poretti et al. (2009) , most of the observed pulsation modes for HD 50844 should be gravity and mixed modes. The mixed modes are dominated by two characteristics. They have pronounced g-mode character in the helium core and p-mode character in the stellar envelope. In our work, we pay more attention to those modes having frequencies near or higher than that of the fundamental radial mode (ν > 75µHz). We list 40 frequencies obtained by Balona (2014) in Table 1 . Errors of the observed frequencies obtained by Balona (2014) are too small, i.e., less than 0.0015 µHz. They are not listed in Table  1 .
The approximate expression for rotational splitting(δν k,l ) and rotational period(P rot ) for g-mode was derived by Dziembowski & Goode (1992) as
In Eq. (1), L 2 = l(l + 1), and m ranges form −l to l, resulting in 2l + 1 different values. Considering υ sin i = 58 ± 2 km s −1 of HD 50844 (Poretti et al. 2009 ), the second term on the right-hand side of Eq.(1) is very small (e.g., less than 1.6% of the value of the first term for 1 P rot = 5 µHz and ν k,l,0 = 100 µHz). Therefore, only the first-order effect is considered in our work.
According to Eq.(1), modes with l = 1 constitute a triplet. Modes with l = 2 constitute a quintuplet, and modes with l = 3 constitute a septuplet. Meanwhile, the rotational splitting of l = 1 modes and those of l = 2 modes and l = 3 modes are in some certain proportion, i.e., δν k,l=1 : δν k,l=2 : δν k,l=3 = (Winget et al. 1991) . Furthermore, the value of rotational splitting are very close for modes with l ≥ 3, e.g., the differences of rotational splittings between modes with l = 4 and those with l = 3 are about 0.033 P rot . If one complete nontuplet is identified, these modes can be identified as modes with l = 4. But beyond that, it is difficult to distinguish multiplets of l = 4 and higher values from those of l = 3. High spherical harmonic degree modes are detected in spectroscopy of several δ Scuti stars, such as HD 101158 (Mantegazza 1997) and BV Cir (Mantegazza et al. 2001) . There is no complete nontuplet to be identified for HD 50844, thus modes with l ≥ 4 are not considered in our work.
Based on the above considerations, there are two properties of the frequency splitting due to rotation. Firstly, the 2l + 1 splitting frequencies of one mode are separated by nearly equal split. Secondly, rotational splittings derived from modes with different spherical harmonic degree l are in specific proportion. Frequency differences ranging from 1 µHz to 20 µHz are searched for the observed frequencies. Possible multiplets due to rotational splitting are listed in Table 2 .
It can be found in Table 2 that ( f 21 , f 22 , f 23 ) and ( f 27 , f 29 , f 33 ) constitute two multiplets with an averaged frequency difference δν 1 of 2.434 µHz, and ( f 9 , f 11 , f 14 ) constitute another multiplet with an averaged frequency difference δν 2 of 8.017 µHz. It is worth to note that the ratio of δν 1 and δν 2 /2 is 0.607, which agrees well with the property of g-mode rotational splitting (Winget et al. 1991) . Therefore, ( f 21 , f 22 , f 23 ) and ( f 27 , f 29 , f 33 ) are identified as two complete triplets, which are denoted with Multiplet 1 and Multiplet 2 in Table 2 . Poretti et al. (2009) performed mode identifications with the FAMIAS method. They identified f 21 as (l = 3, m = 3), f 23 as (l = 3, m = 2), and f 33 as (l = 3, m = 1). Besides, ( f 9 , f 11 , f 14 ) is identified as modes with l = 2 on basis of the ratio of δν 1 and δν 2 /2. Values of azimuthal number m for f 9 , f 11 , and f 14 are then identified to be m = (−2, 0, +2). Poretti et al. (2009) identified f 9 as a low l mode. Moveover, the value of δν k,l=1 is estimated to be 2.434 µHz, δν k,l=2 to be 4.009 µHz and δν k,l=3 to be 4.462 µHz.
Frequencies of f 24 and f 25 may constitute Multiplet 3 with a frequency difference of 2.431 µHz, which is approximate to δν k,l=1 . We may identify their spherical harmonic degree as l = Frequencies of f 1 and f 5 may constitute Multiplet 5 with a frequency difference of 8.072 µHz, which is about twice of δν k,l=2 . We may identify their spherical harmonic degree as l = 2. When identifying their azimuthal number m, there are three possibilities, i.e., corresponding to modes of m = (−2, 0),
Besides, the frequency difference between f 15 and f 18 is 3.939 µHz and the frequency difference between f 35 and f 36 is 3.983 µHz. Both of them are approximate to δν k,l=2 . We may identify their spherical harmonic degree as l = 2. It can be noticed in Table 2 that ( f 2 , f 7 ), ( f 12 , f 20 ), and ( f 38 , f 39 ) may constitute 3 independent multiplets. The frequency difference between f 2 and f 7 is 12.228 µHz. The frequency difference between f 12 and f 20 is 11.825 µHz, and the frequency difference between f 38 and f 39 is 11.890 µHz. All of these frequency differences are about three times of δν k,l=2 . We may identify their spherical harmonic degree as l = 2. When identifying their azimuthal number m, there are two possibilities, i.e., corresponding to modes of m = (−2, +1) or m = (−1, +2). Poretti et al. (2009) identified f 12 as (l = 3, m = 1), and f 39 as (l = 14, m = 12).
Three frequencies of f 3 , f 6 and f 8 may constitute Multiplet 11. The frequency difference 8.985 µHz between f 3 and f 6 is about twice of δν k,l=3 , and the frequency difference 13.412 µHz between f 6 and f 8 is about three times of δν k,l=3 . Their spheri-cal harmonic degree l can be determined to be l = 3. There are two possible identifications for their azimuthal number m, i.e., corresponding to modes of m = (−3, −1, +2) or m = (−2, 0, +3).
Another three frequencies of f 10 , f 17 and f 19 may constitute Multiplet 12. The frequency difference 17.253 µHz between f 10 and f 17 is about four times of δν k,l=3 , and the frequency difference 4.302 µHz between f 17 and f 19 is approximate to δν k,l=3 . We may identify their spherical harmonic degree as l = 3. When identifying their azimuthal number m, there are two possibilities, i.e., corresponding to modes of m = (−3, +1, +2) or m = (−2, +2, +3). Poretti et al. (2009) identified f 10 as (l = 5, m = 0), and f 17 as (l = 11, m = 7).
Four frequencies of f 26 , f 28 , f 34 and f 37 may constitute Multiplet 13. It can be noticed in Table 2 that f 26 , f 28 and f 34 have a frequency difference of about δν k,l=3 in either pair. The frequency difference 13.331 µHz between f 34 and f 37 is about three times of δν k,l=3 . We may identify their spherical harmonic degree as l = 3. There are two possible identifications for their azimuthal number m, i.e., corresponding to modes of m = (−3, −2, −1, +2) or m = (−2, −1, 0, +3).
It can be noticed in Table 2 that there are slight differences for the rotational splittings in different multiplets. This may be due to the deviations from the asymptotic formula (e.g., Multiplet 5 and Mutiplet 6). There are also slight differences in the same multiplet (e.g., in Multiplet 2). The present frequency resolution 0.2 µHz may be the main reason for this difference. Besides, there are only two components in Multiplet 3, 5, 6, 7, 8, 9 and 10. Different physical origins like the large separation led by the so-called island modes (García Hernández et al. 2013; Lignières et al. 2006 ) are also possible due to the assumptions we adopted in our approach.
There are six unidentified frequencies ( f 13 , f 16 , f 30 , f 31 , f 32 , and f 40 ) for absence of frequency splitting. It can be noticed in Table 1 that f 40 is far from other observed frequencies, so that it could not be identified on basis of rotational splitting law. Besides, frequency difference between f 13 and f 15 is 4.460 µHz, which agrees with δν k,l=3 . It can be noticed in Table 2 that frequency difference between f 15 and f 18 is 3.939 µHz, which agrees with δν k,l=2 . There are two possible identifications for f 15 , i.e., as a mode with l = 3 or l = 2. There are six possibilities for the former case, i.e., corresponding to modes of m = (−3, −2), (−2, −1), (−1, 0), (0, +1), (+1, +2), or (+2, +3). There are four possibilities for the later case, just as listed in Table 2 . The frequency difference between f 16 and f 21 is 13.184 µHz, which is about three times of ν k,l=3 . It can be found in Table 2 that f 21 is identified as one component of a complete triplet (Multiplet 1). In Multiplet 1, the frequency difference between f 21 and f 22 agrees well with the difference between f 22 and f 23 . Besides, those large differences in amplitude for f 21 , f 22 , and f 23 agree well with the inclination angle i = 82 ± 4 deg (Poretti et al. 2009) according to the relation derived by Gizon & Solanki (2003) . Furthermore, spherical harmonic degree l represents the number of nodal lines on the spherical surface. For higher spherical harmonic degree l, the sphere will be divided into more zones. Due to the geometrical cancellation, modes with low degree l are easier observed. Four frequencies of f 30 , f 31 , f 32 , and f 33 are too much close to each other. It can be noticed in Table 2 that f 33 has already been identified as one component of a triplet (Multiplet 2). Frequency spacing between theoretical pulsation modes with l = 1 is very large, thus f 30 , f 31 , and f 32 could not be identified as modes with l = 1. Besides, only one component is observed. It is difficult to identify their spherical harmonic degree l. In the following theoretical calculation, we compare them with modes with l = 0, 2, and 3.
Based on above analyses, our mode identifications differ from those of Poretti et al. (2009) . Poretti et al. (2009) identified the observed frequencies with the FAMIAS method to fit the line profile variations. There is still uncertain on uniqueness of the solution for the multiparameter fitting method of the line profile variations. Our mode identifications are on basis of the property of g-mode rotational splitting. For the δ Scuti star HD 50844, rotational splittings for modes with l ≥ 3 are very close according to Eq. (1). Distinguishing multiplets of l = 4 or higher spherical harmonic degree l from those of l = 3 is very difficult. In spectroscopy, the behaviour of amplitudes and phases across the line profiles supplies information on both spherical harmonic degree l and azimuthal number m. For instance phase diagrams of six detected modes of BV Cir clearly show they are prograde modes with high azimuthal number -14 ≤ m ≤ -12 (Mantegazza et al. 2001 ).
Stellar Models

Input Physics
In our work, we use the package "pulse" from version 6596 of the Modules for Experiments in Stellar Astrophysics (MESA) (Paxton et al. 2011 (Paxton et al. , 2013 to compute stellar evolutionary models and to calculate their pulsation frequencies (Christensen-Dalsgaard 2008) . Our theoretical models for HD 50844 are constructed from the ZAMS to the post-main sequence stage, fully covering the observed ranges of gravitational acceleration and effective temperature. The OPAL equation-of-state tables (Rogers & Nayfonov 2002) are used. The OPAL opacity tables from Iglesias & Rogers (1996) are used in the high temperature region and opacity tables from Ferguson et al. (2005) are used in the low temperature region. The T − τ relation of Eddington grey atmosphere is adopted in the atmosphere integration. The mixing-length theory (Böhm-Vitense 1958) is adopted to treat convection. Effects of convective overshooting and element diffusion are not considered in our calculations.
Details of Model Grids
The calibrated value of α = 1.77 for the sun is adopted in our stellar evolutionary models. The evolutionary track of a star on the HR diagram is determined by the stellar mass M and the initial chemical composition (X, Y, Z) . In our calculations, we set the initial helium fraction Y = 0.275 as a constant. Then we choose the range of mass fraction of heavy-elements Z from 0.005 to 0.018, in order to cover the observational value of [Fe/H] = −0.40 ± 0.20 (Poretti et al. 2005) .
A grid of stellar models are computed with MESA, M ranging from 1.5 M ⊙ to 2.2 M ⊙ with a step of 0.01 M ⊙ , and Z ranging from 0.005 to 0.018 with a step of 0.001. Figure 1 shows the grid of evolutionary tracks with various sets of M and Z. The error box corresponds to the effective temperature range of 7300 K < T eff < 7700 K and to the gravitational acceleration range of 3.40 < logg < 3.80. For each stellar model falling in the error box, we calculate its frequencies of pulsation modes with l = 0, 1, 2 and 3, and fit them to those observational frequencies according to
In Eq. (2), ν i obs is observational frequency, ν i mod is calculated pulsation frequency, and N is total number of observational frequencies. Based on numerical simulations, most of the uncertainties A&A proofs: manuscript no. article of the calculated pulsation frequencies are less than 0.03 µHz except that a few of them reach up to 0.06 µHz.
Analysis of Results
Best-fitting model
In Section 2, we give our possible mode identifications for the observed frequencies obtained by Balona (2014) based on the rotational splitting law. When doing model fittings, we try to use the calculated frequencies of each model to fit four identified modes, including 2 modes with l = 1 ( f 22 and f 29 ), 1 mode with l = 2 ( f 11 ), and the fundamental radial mode ( f 4 ). Poretti et al. (2009) suggested that f 4 might be one mode with l = 0 based on the mode identifications with the FAMIAS method. Besides, Poretti et al.(2009) detected f 4 in the variations of equivalent width and radial velocity and identified f 4 as the mode with l = 0. Moreover, the photometric identifications made by Poretti et al. (2009) on basis of the colour information of the multi-colour photometric data show f 4 as the fundamental radial mode. This is in accordance with the property that f 4 has the highest amplitude in the variations of both equivalent width and radial velocity. In our work, we use the identification of f 4 as the fundamental radial mode. Figure 2 shows the change of 1/χ 2 as a function of the effective temperature T eff for all considered models. In Fig. 2 , each curve corresponds to one evolutionary track. It can be noticed in Fig. 2 that the value of 1/χ 2 is very large in a very small parameter space, i.e., M = 1.80 − 1.81 M ⊙ and Z = 0.008 − 0.009. Their physical parameters are very close. The physical parameters of HD 50844 are obtained based on these models. They are listed in Table 3 . We select the theoretical model with the minimum value of χ 2 corresponding to (M = 1.81, Z = 0.008) as our best-fitting model, which is marked with the filled cycle in Fig.2 .
The theoretical frequencies of our best-fitting model are listed in Table 4 , where n p is the number of radial nodes in the p-mode propagation region, and n g the number of radial nodes in the g-mode propagation region. Particularly, β k,l is a parameter measuring the size of rotational splitting for rigid body in the general formula of rotational splitting derived by ChristensenDalsgaard (2003) :
In Eq.(3), ξ r is the radial displacement, ξ h the horizontal displacement, and ρ the local density. Therefore, the effect of rotation is basically determined by the value of β k,l . For high-order g modes, the terms containing ξ r can be neglected, thus
which is in agreement with Eq. (1). Figure 3 shows the plot of β k,l versus the theoretical frequency ν for the best-fitting model. It can be seen that most of values of β k,l in Fig. 3 agree well with the value of 0.5 for l = 1 modes, 0.833 for l = 2 modes, or 0.917 for l = 3 modes derived from Eq. (1). These results indicate that the corresponding modes have pronounced g-mode characteristics. On the other hand, β k,l of several l = 1, l = 2 and l = 3 modes deviate considerably from the values derived from Eq. (1), indicating that they also possess significant p-mode characteristics. Table 5 lists results of comparisons of frequencies for those modes in Table 2 , where m 0 modes in columns named by ν mod are derived from m = 0 modes based on P rot and β k,l . The filled circles in Fig. 3 denote corresponding m = 0 modes in Table 5 . It can be seen clearly in Fig. 3 Table 5 that there are two possible identifications for Multiplet 8, i.e., corresponding to modes of m = (-1, +2) derived from 80.189 µHz (2, 0, -78, 0), or m=(-2, +1) from 84.368 µHz (2, 0, -74, 0). The filled squares in Fig. 3 denote these two possible m = 0 modes in Multiplet 8. It can be seen in Fig. 3 that the values of β k,l for both of the two choices are in good agreement with Eq. (1). These results confirm our approach of using Eq. (1) to search for rotational splitting in Section 2. Based on the best-fitting model, possible identifications for f 13 , f 16 , f 30 , f 31 , f 32 , and f 40 are listed in Table 6 . It can be noticed in Table 6 
Discussions
An important question is why physical parameters of HD 50844 are well limited in a small region based on four identified pulsation modes. We have found a possible reason to explain this result.
First of all, it should be pointed out that the four identified modes consist of two l = 1 modes ( f 22 and f 29 ), one l = 2 mode ( f 11 ), and the fundamental radial mode ( f 4 ). Table 4 shows that most of pulsation modes are mixed modes. Figure 4 shows the propagation diagram for the best-fitting model. According to the parameter settings of MESA (Paxton et al. 2011 (Paxton et al. , 2013 , the boundary of helium core is set to the position where the hydrogen fraction X cb = 0.01. The vertical lines in Fig. 4 and Fig.  5 denote the position of the boundary of the helium core. The inner zone is the helium core, the outer zone is the stellar envelope. It can be seen in Fig. 4 that the Brunt-Väisälä frequency N has a peak in the helium core, which corresponds to the hydrogen burning shell. Figure 5 shows distributions of the radial displacement for the fundamental radial mode and the three nonradial modes that we have considered. It can be seen clearly in Fig. 5 that the fundamental radial mode propagates mainly in the stellar envelope, and represents the property of the stellar envelope. However, the three nonradial modes propagate like g modes in the helium core while like p modes in the stellar envelope. This fact confirms that they are mixed modes and can therefore represent the property of the helium core. In order to fit those four modes at the same time, both the stellar envelope and the helium core must be matched to the considered star.
The acoustic radius T h is defined as
s dr (Aerts et al. 2010 ), where c s is the adiabatic sound speed. Therefore, the acoustic radius T h is mainly determined by the distribution of c s inside the star. The sound speed c s is much smaller in the stellar envelope than in the helium core, thus T h can be used to reflect property of the stellar envelope.
According to the asymptotic theory of g modes, there is an equation for the period separation (Unno et al. 1979; Tassoul 1980 )
where r 1 is the inner boundary of the region where gravity waves propagate, r 2 is the outer boundary, and N is the Brunt-Väisälä frequency. In Eq.(5), Π 0 =2π 2 ( r 2 r 1 N/rdr) −1 , which is mainly determined by the distribution of Brunt-Väisälä frequency N in the helium core. Therefore, Π 0 can be used to reflect property of the helium core. Figure 6 shows the distribution of the period spacing Π 0 versus the acoustic radius T h for theoretical models with the same initial metallicity Z but different stellar mass M. Figure 7 shows the same plot for theoretical models with the same stellar mass M but different initial metallicity Z. The filled circle corresponds to our best-fitting model, while the filled triangles correspond to stellar models having minimum values of χ 2 on the corresponding evolutionary tracks, respectively. It can be noticed in Fig.  6 that the acoustic radius T h of the stellar models marked by the filled triangles obviously deviate from the value of our bestfitting model, which indicates that the stellar envelopes of these models can not match the actual structure of the considered star. In contrast, the period spacing Π 0 of the stellar models marked by the filled triangles in Fig. 7 obviously deviate from the value of our best-fitting model, which indicates that the helium cores of these models can not match the actual structure of the considered star. Based on above arguments further more, the size of the helium core of the δ Scuti star HD 50844 is determined for the first time. The corresponding physical parameters are listed in Table 3 . Gizon & Solanki (2003) investigated in details the relation between the stellar oscillation amplitude and the inclination angle i of stellar rotation axes. It can be noticed in Table 1 that the m = 0 component f 22 of Multiplet 1 has an amplitude that is about 9 times smaller than the m = −1 components f 21 and about 7 times smaller than the m = +1 components f 23 . Such large differences correspond to an inclination angle i ≈ 76
• according to the relation given by Gizon & Solanki (2003) . This fact is roughly in agreement with the value of 82
• (Poretti et al. 2009 ). The m = 0 component in Multiplet 4 has the least amplitude, and the m = 0 component in Multiplet 2 also has a smaller amplitude.
The rotational period P rot is determined to be 2.44
+0.13
−0.08 days according to Eq. (1). It can be noticed in Table 3 that the theoretical radius of HD 50844 is R = 3.300 ± 0.023 R ⊙ . Then the rotational velocity at the equator is derived as υ rot = 68.33 +2.34 −3.70 km s −1 according to υ rot = 2πR/P rot . Assuming the inclination angle i = 82 ± 4 deg (Poretti et al. 2009 ), υ rot sin i is estimated to be 66.86 ± 3.64 km s −1 , which is higher than the value of υ sin i = 58 ± 2 km s −1 (Poretti et al. 2009 ). It has been discussed in Sect.4.1 that most of the considered frequencies are mixed modes. They have pronounced g-mode characteristics. The corresponding rotational velocity derived from rotational splitting of these modes mainly reflects rotational properties of the helium core. The δ Scuti star HD 50844 is a slightly evolved star. As the star evolves into the post-main sequence stage, the core shrinks and the envelope expands. Based on conservation of angular momentum, rotational angular velocity of the core should be larger than that of the envelope. The spectroscopic value of υ sin i (Poretti et al. 2009 ) mainly reflects the property of the envelope. This may be the reason why our rotational velocity is higher than that of Poretti et al. (2009) .
Summary
In our work, we have analysed the observed frequencies given by Balona (2014) for possible rotational splitting, and carried out numerical model fittings for the δ Scuti star HD 50844. We summarize our results as follows: 1. We identify two complete triplets ( f 21 , f 22 , f 23 ) and ( f 27 , f 29 , f 33 ) as modes with l = 1, and one incomplete quintuplet ( f 9 , f 11 , f 14 ) as modes with l = 2, as well as one more incomplete triplet ( f 24 , f 25 ) as modes with l = 1 and six more incomplete quintuplets (
, and ( f 38 , f 39 ) as modes with l = 2. Besides, three incomplete septuplets ( f 3 , f 6 , f 8 ), ( f 10 , f 17 , f 19 ), and ( f 26 , f 28 , f 34 , f 37 ) are identified as modes with l = 3. Based on frequency differences of above multiplets, the corresponding rotational period of HD 50844 is found to be 2.44 +0.13 −0.08 days. 2. Based on our model calculations, we compare theoretical pulsation modes with four identified observational modes, including three nonradial modes ( f 11 , f 22 , f 29 ) and the fundamental radial mode ( f 4 ). The physical parameters of HD 50844 are well limited in a small region. Based on the fitting results, the theoretical model with M = 1.81 M ⊙ , Z = 0.008 is suggested as the best-fitting model.
3. Based on our best-fitting model, we find that values of β k,l for most of the calculated modes are in good agreement with the asymptotic values for g modes. Some modes may have values of β k,l that are considerably higher than the asymptotic values. However, the values of β k,l for the m = 0 modes in those identified triplets, quintuplets, or septuplets are in good agreement with the asymptotic values of g modes, which confirms that our approach of searching for rotational splitting based on the rule of g modes is self-consistent.
4. Based on comparisons of all observed frequencies with their theoretical counterparts, we find that most of the considered frequencies may belong to mixed modes. The radial fundamental mode f 4 reflects the property of the stellar envelope, while the three nonradial modes f 11 , f 22 , and f 29 reflect property of the helium core. These features require that both the stellar envelope and the helium core must be matched to the actual structure in order to fit those four oscillation modes. Finally, the mass of helium core of HD 50844 is estimated to be 0.173 ± 0.004 M ⊙ . Table 5 , and the two filled squares denote modes corresponding to the m = 0 modes for Multiplet 8. Table 4 . The theoretical frequencies of the best-fitting model. ν mod represents model frequency in µHz. n p is the number of radial nodes in propagation cavity of p-mode. n g is the number of radial nodes in propagation cavity of g-mode. β k,l is one parameter weight the size of rotational splitting. 
